Primary pain and touch sensory neurons not only detect internal and external sensory stimuli, but also receive inputs from other neurons. However, the neuronal derived inputs for primary neurons have not been systematically identified. Using a monosynaptic rabies viruses-based transneuronal tracing method combined with sensory-specific Cre-drivers, we found that sensory neurons receive intraganglion, intraspinal, and supraspinal inputs, the latter of which are mainly derived from the rostroventral medulla (RVM). The viral-traced central neurons were largely inhibitory but also consisted of some glutamatergic neurons in the spinal cord and serotonergic neurons in the RVM. The majority of RVM-derived descending inputs were dual GABAergic and enkephalinergic (opioidergic). These inputs projected through the dorsolateral funiculus and primarily innervated layers I, II, and V of the dorsal horn, where pain-sensory afferents terminate. Silencing or activation of the dual GABA/enkephalinergic RVM neurons in adult animals substantially increased or decreased behavioral sensitivity, respectively, to heat and mechanical stimuli. These results are consistent with the fact that both GABA and enkephalin can exert presynaptic inhibition of the sensory afferents. Taken together, this work provides a systematic view of and a set of tools for examining peri-and extrasynaptic regulations of pain-afferent transmission.
Introduction
In the somatosensory system, different types of primary sensory neurons are specialized to detect separate qualities (e.g., temperature, pain, itch, touch, and proprioception) and intensities of sensory stimuli. The peripheral axons of sensory neurons innervate the skin, muscles, joints, or internal organs, while the central afferent axons project to the spinal cord dorsal horn and terminate in different layers, depending on their sensory modalities. Generally speaking, cutaneous afferents transmitting nociceptive (painful) stimuli project to layers I, II, and V, whereas afferents transmitting innocuous touch stimuli project to layers III, IV, and V (1-3). Importantly, sensory stimuli detected by the peripheral axon terminals are not the only source of inputs received by sensory neurons (4) . Using electron microscopy (EM) studies (5) , it was observed that many central axons of sensory neurons in the spinal cord participate in the formation of synaptic glomeruli structures, in which the sensory afferent terminal forms the core of the glomerulus, and the terminal is both presynaptic to several dendrites and postsynaptic to axo-axonic and dendro-axonic inputs. The main neurotransmitter of these axo-axonic and dendro-axonic inputs was shown to be GABA (5) (6) (7) . GABA released at these axo-axonic synapses causes primary afferent depolarization (PAD) that depresses action potentials arriving at the afferent terminal (8) (9) (10) . Thus, these inputs onto sensory afferents are thought to control pain and touch sensory transmission through presynaptic inhibition. However, despite decades of EM studies and electrophysiological recordings of PAD, the neuronal sources and identity of these presynaptic inputs onto diverse primary afferents remain poorly understood (4) .
Furthermore, nociceptive sensory processing in the dorsal spinal cord is also subject to powerful control by supraspinal sites, which was first described by Patrick Wall in a seminal paper published in 1967 (11) . Specifically, the periaqueductal gray (PAG) and the rostroventral medulla (RVM) in the brainstem play critical roles in descending pain modulation (12) (13) (14) (15) (16) . The pain modulation initiated by RVM was found to be either inhibitory or facilitatory, depending on electrical-stimulation strength (17) . Based on neuronal activity associated with the nociceptive withdrawal reflex, RVM neurons can be classified as ON-cells, OFF-cells, and NEUTRAL-cells, which form the neural basis for the bidirectional control of pain by RVM (17) (18) (19) (20) . In general, ON-cells facilitate nociception and OFF-cells are antinociceptive. However, the primary targets and circuit mechanisms of the RVM descending modulation in the dorsal spinal cord remain opaque. Interestingly, there has been some indirect evidence suggesting that antinociceptive OFF-cells might provide inputs directly onto nociceptive primary afferents and suppress pain through presynaptic inhibition (21) .
Since neuronal derived nonsensory inputs can substantially affect the neurotransmission of primary afferents, we decide to use an unbiased approach to systematically map the neural source of inputs onto cutaneous sensory neurons. The deficient monosynaptic rabies virus (ΔG-RV) is an ideal tool to trace presynaptic inputs of infected neurons (22, 23) . Previous studies showed that Primary pain and touch sensory neurons not only detect internal and external sensory stimuli, but also receive inputs from other neurons. However, the neuronal derived inputs for primary neurons have not been systematically identified. Using a monosynaptic rabies viruses-based transneuronal tracing method combined with sensory-specific Cre-drivers, we found that sensory neurons receive intraganglion, intraspinal, and supraspinal inputs, the latter of which are mainly derived from the rostroventral medulla (RVM). The viral-traced central neurons were largely inhibitory but also consisted of some glutamatergic neurons in the spinal cord and serotonergic neurons in the RVM. The majority of RVM-derived descending inputs were dual GABAergic and enkephalinergic (opioidergic). These inputs projected through the dorsolateral funiculus and primarily innervated layers I, II, and V of the dorsal horn, where pain-sensory afferents terminate. Silencing or activation of the dual GABA/enkephalinergic RVM neurons in adult animals substantially increased or decreased behavioral sensitivity, respectively, to heat and mechanical stimuli. These results are consistent with the fact that both GABA and enkephalin can exert presynaptic inhibition of the sensory afferents. Taken together, this work provides a systematic view of and a set of tools for examining peri-and extrasynaptic regulations of pain-afferent transmission.
Identifying local and descending inputs for primary sensory neurons should be able to enter into the peripheral axon terminals of cutaneous neurons in all genotypes but should only be complemented in Cre-expressing DRG neurons. In other words, ΔG-RV can be complemented in any infected DRG neurons in Avil-Cre RΦGT or only in nociceptive TRPV1-lineage neurons in Trpv1-Cre RΦGT mice. In theory, complemented viruses will spread into the neurons that potentially provide inputs onto the infected DRG neurons ( Figure 1C ). Seven days after injection at P8, we collected the spinal cords and brains, and examined the patterns of viral spreading.
Intraganglionic release and spreading of rabies virus. The cell bodies of primary sensory neurons reside in the dorsal root ganglia (DRG). We dissected the cervical and thoracic DRG (C5 to T2 segment) and the corresponding spinal cords from viral-injected mice. We first examined infection in DRG. Unexpectedly, the numbers of labeled sensory neurons varied dramatically depending on the genotypes (Figure 2 ). First -in the absence of the Cre transgene -on average, about 558 ± 65 sensory neurons (n = 3 mice) in total were labeled, and there were no labeled cells observed in the spinal cord and brainstem ( Figure 2 , A and D, and Table 1 ), suggesting no leaky spreading of the ΔG-RV without rabies-G protein complementation. By contrast, in Avil-Cre RΦGT and Trpv1-Cre RΦGT mice, the average numbers of infected DRG neurons were increased dramatically to 3,669 ± 351 (n = 3) and 2,326 ± 366 (n = 3), respectively ( Figure 2 , B and C, and Table 1 ). Since the same amount (200 nanoliters) of ΔG-RV-GFP was injected into all mice, the large differences in the number of labeled DRG neurons could be best explained by the fact that, after complementation, there was intraganglion spreading of the rabies virus from infected neurons to neighboring DRG neurons. In other words, in RΦGT mice without Cre expression, no cells can complement the virus, and the approximately 550 labeled DRG neurons were results of direct infection. In Trpv1-Cre RΦGT mice, Cre is expressed in subsets of neurons; therefore, only some of the ΔG-RV-infected neurons could complement the deficient virus. However, in Avil-Cre RΦGT mice, Cre is expressed by all DRG neurons -thus, all infected neurons can complement the virus. Consequently, through intraganglion spreading of the replicated viruses, more DRG neurons were labeled in Avil-Cre RΦGT mice (~3,600) than in Trpv1-Cre RΦGT mice (~2,300). the commonly used "fixed" strains of rabies virus could infect mouse primary sensory neurons from axon terminals, could be transported anterogradely in these neurons, and could be released from their axon terminals (24) (25) (26) . We have previously developed a mouse line that enables Cre-dependent complementation of the deficient rabies virus (RΦGT mouse) (27, 28) . Here, crossing RΦGT mice with 2 different Cre drivers enabled us to complement ΔG-RV either selectively in all primary sensory neurons or specifically in TRPV1-expressing nociceptive neurons, which are mostly peptidergic c-fibers (Figure 1 ). Using this strategy, we mapped the neural sources of inputs onto cutaneous sensory neurons. Notably, our results discovered a group of RVM-derived dual GABAergic/ enkephalinergic descending neurons that can provide inputs onto primary afferents. These neurons project to spinal layers I, II, and V and exert important antinociception functions.
Results
Genetic strategy for tracing inputs onto either all types or TRPV1-expressing primary sensory neurons. The RΦGT mouse allows for Cre-dependent expression of the rabies-G protein, as well as the TVA receptor (a protein expressed by avian species) (refs. 27, 28, and Figure 1A ). Crossing this conditional RΦGT mouse with 2 different Cre drivers enables the rabies-G protein and TVA receptor to be selectively expressed in different classes of sensory neurons ( Figure 1A ). For most of our experiments, we used deficient rabies virus (ΔG-RV-GFP) that can infect all types of sensory neurons independent of TVA receptor. In one set of experiments, we used EnvA-pseudotyped-deficient rabies virus (EnvA-RV), which only infects TVA-expressing neurons (EnvA binds TVA). The EnvA-RV has a lower titer than that of ΔG-RV and thus lower infectivity (see Methods); therefore, most of experiments were performed using ΔG-RV. Two Cre driver lines, advillin-Cre (AvilCre) and Trpv1-Cre, were crossed with RΦGT mice in this study. AvilCre is expressed by all primary sensory neurons (29, 30) , whereas Trpv1-Cre is mainly expressed in peptidergic nociceptive neurons and in some nonpeptidergic c-fiber neurons (due to transient expression of TRPV1 in nonpeptidergic neurons) (31) .
We injected ΔG-RV-GFP into the plantar skin of the right front paw of P1 pups of 3 different genotypes: (i) RΦGT without Cre (as a control); (ii) Avil-Cre RΦGT; and (iii) Trpv1-Cre RΦGT. ΔG-RV Figure 1 . Schematic drawing of strategy for tracing presynaptic inputs onto sensory afferents. (A) Genetic crosses were used to generate Avil-Cre RΦGT and Trpv1-Cre RΦGT mice such that the rabies G protein can be selectively expressed in either all or TRPV1-lineage of DRG sensory neurons. (B) ΔG-RV-GFP was injected into the plantar skin of the right front paw of P1 pups, as illustrated. Seven days after injection, the samples are collected and analyzed. (C) Expected outcome of the viral tracing experiments: ΔG-RV-GFP will infect DRG neurons from peripheral axon terminal and will be transported back to the cell bodies, where the deficient virus will be complemented by the rabies G protein. Subsequently, some of the replicated ΔG-RV-GFP will be released at the central afferent terminals in the dorsal horn and infect their putative presynaptic partners. jci.org Volume 125
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Spreading of monosynaptic rabies virus from sensory neurons into the spinal cord revealed local interneurons that potentially provide inputs onto primary afferents. We next examined serial sections through spinal cords from the 3 groups of mice. As mentioned above, there were no labeled neurons in spinal cords from viral-injected RΦGT mice in the absence of Cre (Figure 2, D and G) . In AvilCre RΦGT mice, since over 3,600 primary DRG neurons were infected with ΔG-RV-GFP (either through direct infection or through secondary intraganglion infection), the sensory axons projecting into the dorsal horn were extensively labeled by GFP (Figure 2, E and H) . In addition to afferent axons, many spinal neurons were labeled across multiple segments (Figure 2 , E and H), with a total of 1,712 ± 260 spinal neurons per animal (n = 3, Table 1 , Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI81156DS1). Supplemental Video 1 shows the entire serial sections of all labeled neurons throughout one spinal cord. Most of the labeled spinal neurons were found in layers II-V ipsilateral to the injection side, with a few scattered neurons on the contralateral side ( Figure 2E ).
In contrast, in Trpv1-Cre RΦGT mice -although 2,326 ± 366 primary DRG neurons were infected by the viruswe only observed, on average, 85 ± 22 labeled neurons in the entire spinal cord (average of n = 3 mice, Table 1 and Supplemental Video 2). Supplemental Video 2 shows the entire serial sections through the spinal cord to give an overview of the sparse labeling in these mice. There were also some labeled glial cells (with morphology resembling either protoplasmic astrocyte or microglial cells) scattered in the spinal cord (marked by stars in Figure 2I ). However, the number of labeled glial cells varied randomly across sections and among animals. To determine roughly how many of the approximately 2,300 DRG neurons were Trpv1-Cre-expressing cells, we injected ΔG-RV-GFP virus into Trpv1-Cre RΦGT RΦtomato mice and found that 59.5% ± 2.1% of all infected DRG neurons were tomato + (Supplemental Figure 1) . Thus, about 1,300 labeled neurons were TRPV1 + and could potentially complement the virus, as opposed to approximately 3,600 in Avil-Cre RΦGT mice (2.7-fold difference). Yet the number of labeled spinal neurons in Trpv1-Cre RΦGT mice were 20-fold less than that observed in AvilCre RΦGT (85 versus 1,700; Table 1 ). Since Trpv1-Cre is expressed primarily in peptidergic nociceptive neurons, the limited labeling of spinal neurons corroborates the fact that peptidergic afferents rarely participate in synaptic glomeruli structures (5, 32) and To further confirm the intraganglion spreading of rabies virus, we injected the EnvA-pseudotyped virus (EnvA-RV-GFP) into Trpv1-Cre RΦGT RΦtomato pups ( Figure 2J ). In this case, Trpv1-Cre induced the expression of rabies-G, TVA receptor, and also tomato fluorescent protein in these neurons, and only these neurons can be infected by EnvA-RV-GFP (through a TVA receptor). In DRG isolated from these mice after EnvA-RV-GFP injection into the forepaw, we observed tomato + -only (no GFP, uninfected), GFP + /tomato + (double positive), as well as GFP + -only (no tomato) neurons ( Figure 2J ). The GFP + -only neurons are not Trpv1-Cre neurons; therefore, they must have received the replicated virus secondarily from the primary infected TRPV1-expressing (tomato + ) neurons. This experiment confirmed intraganglion spreading of rabies after complementation. These results, together with other previous studies, highlight the extensive presence of intraganglion neuron-neuron communications (see Discussion). Rabies-mediated tracing also revealed descending inputs from RVM dual GABAergic/enkephalinergic neurons to primary sensory afferents. Interestingly, when we examined the brains from the ΔG-RV-GFP tracing experiments, we observed a few labeled neurons in the ipsilateral cuneate nucleus, brainstem reticular regions (medullary, lateral, and parvocellular reticular region), vestibular nucleus, spinal trigeminal nucleus, and the red nucleus (Supplemental Figure 2 ). Interestingly, we consistently labeled about 100 neurons per animal in the RVM in all Avil-Cre RΦGT samples (96 ± 33 per animal, n = 3) and a few (~5 per animal, n = 3) in Trpv1-Cre RΦGT samples (data not shown) ( Figure 4 ). Since rabies virus receive many fewer direct presynaptic inputs. In other words, the lack of terminals making synapses directly with infected TRPV1 + afferents likely led to the failure of rabies spreading into the spinal cord. This result is consistent with the known property of the rabies virus as a retrograde presynaptic transsynaptic tracer that enters into neurons from presynaptic terminals (33) .
We further performed molecular characterization of labeled spinal neurons in Avil-Cre RΦGT mice using in situ hybridization with a variety of neuronal transmitter and modulator markers as probes. About 45.5% of labeled spinal interneurons are GAD1 + , 44.4% are GAD2 + (both GAD1 and GAD2 are markers for GABAergic neurons), and 47.1% are GlyT2 + (vesicular glycine transporter 2, a marker for glycinergic neurons), suggesting that the majority of inputs received by sensory afferents are inhibitory in nature ( Figure 3 , A-C and G-I, and Table 2 ). Somewhat surprisingly, approximately 20% of the total labeled neurons are vGlut2 + (Figure 3D and Table 2 ; see Discussion for implications of this result and alternative explanations). We also examined several other markers -somatostatin (SST), neuronal nitric oxide synthase (NOS1), preproenkephalin (PENK1), and thyrotropin-releasing hormone (TRH) -to determine whether the labeled spinal interneurons belong to a specific subtype. SST, NOS1, and PENK1 were known to be expressed in subsets of neurons in the dorsal spinal cord and in some GABAergic neurons in the brain (34) (35) (36) (37) . TRH was known to express in subsets of neurons in the spinal cord and in RVM, and was shown to have a short, strong antinociceptive activity against chemical and mechanical stimuli (38) ; NOS synthesizes nitric oxide (NO), which can modulate inflammatory pain (39) . While TRH and NOS1 are largely absent in labeled spinal neurons, 14.4% and 18.2% of the viral-labeled neurons are SST + ( Figure 3E ) or PENK1 + ( Figure 3F ), respectively ( Table 2 ). ing GAD2 (61.5%), this raised the possibility that the majority of the nonserotonergic RVM-pre neurons coexpress GAD2 and PENK1. To confirm this, we performed 2-color in situ hybridization in P8 animals. Indeed, more than 80% of PENK1 + neurons coexpress GAD2 in RVM ( Figure  4I ; there are also many GAD2 single-positive neurons). In contrast, only 2% of PENK1 + neurons coexpress TPH2, or vGlut2 in RVM ( Figure 4J and data not shown). Since Penk1 gene products encode enkephalins (the endogenous opioid ligand), RVM-pre cells therefore could provide dual GABAergic and enkephalinergic inputs onto primary afferents and other target neurons in the spinal cord.
Furthermore, a previous study had discovered that RVM pronociceptive ON-cells express the μ-opioid receptor (MOR) (40) . We therefore examined the expression of MOR in viral-labeled RVM-pre neurons using in situ hybridization. We found that none of the rabies-labeled neurons expressed MOR at this stage ( Figure 4H ), suggesting the dual GABAergic/enkephalinergic RVM-pre neurons may not be ON-cells. However, others have found that in acute RVM slices, MOR is expressed in many types of neurons (41), so it is not a definitive marker of identified projection neurons.
The GABAergic/enkephalinergic RVM-pre neurons innervate dorsal spinal cord in adult mice. The discovery that many RVM-pre neurons express PENK1 in our neonatal tracing experiments provided molecular tools to examine the projection pattern of these neurons in the adult. We first cloned a conserved 726-bp genomic sequence just upstream of the first exon of the Penk1 gene and used it as a promoter to drive Cre expression (see Methods). We generated a lentivirus carrying the Penk1-Cre transgene and coinjected the LentiPenk1-Cre with AAV-CAG-FLEX-GFP into the RVM regions of about 6-to 8-week-old WT mice. If the dual GABAergic/ enkephalinergic neurons persist into adult, this strategy should label these neurons in the adult RVM. Three weeks after the viral injection, we sectioned the brain ( Figure 5A ) and examined whether GFP + neurons also express Penk1 or Gad2 mRNA, and this experiment should also test the specificity of the short Penk1 promoter. Double immunofluorescence/in situ labeling experiments showed that more than 50% of GFP + cells (driven by Lenti-Penk1-Cre) also express Penk1 mRNA, and similarly, more than 50% GFP + cells are also GAD2 + ( Figure 5 , B and C). Less than 2% of GFP + neurons are vGlut2 + or TPH2 + , and the rest (~30%) of the GFP + cells are glial cells near the injection site (data not shown). Thus, the Lenti-Penk1-Cre labeled PENK1 + /GAD2
+ neurons in adult RVM (although it also leads to ectopic expression in glial cells). Importantly, GFP-labeled RVM axons projected through the dorsal-lateral funiculus (DLF) along the entire length of the spinal cord (Supplemental Figure 3 and Figure 5 , E and H). Collaterals from these RVM axons showed extensive innervation in 2 regions of the dorsal horn: a superficial region and the lamina V ( Figure 5 , E and H, and Supplemental Figure 3 , C, F, and I). Using coimmunostaining of anti-vGlut1, which labels terminals from touch afferents in Lamina III-IV, we found that GFP-labeled RVM axons sparsely innervated lamina III-IV ( Figure 5, D-F, Supplemental Figure 3 , H-J). Using IB4 staining, which labels nonpeptidergic afferent teronly spread into 10%~30% of all presynaptic neurons (22) , and the labeling of long-distance inputs is even less efficient, the labeled RVM neurons should be a minor fraction of the actual population of such neurons. We therefore focused on the labeled RVM neurons.
Molecular characterization of rabies-labeled RVM neurons in Avil-Cre RΦGT pups revealed that 61.5% express GAD2, 28.6% express GlyT2, 17.3% express TPH2 (a marker for serotonergic neurons), and none express vGlut2 ( Figure 4 and Table 2 ), indicating RVM inputs onto primary afferents are either serotonergic (5-HT; ~17%) or GABA/Glycinergic (~80%) (Figure 4 and Table 2 ). In fact, when we used a mixture of GAD2/GlyT2/TPH2 probes, all viral-labeled neurons were positive for the mixed probes. We refer to the RVM neurons that putatively provide inputs onto primary afferents as RVM-pre cells.
Viral-labeled RVM-pre cells rarely coexpress SST, NOS1, or TRH (<3%) ( Table 2) . By contrast, about 66.8% of labeled RVMpre neurons coexpress PENK1 ( Figure 4F and Table 2 ). Since there were also roughly the same amount of RVM-pre neurons express- minals in lamina II, we found that labeled RVM axons innervate both lamina II and lamina I located above the IB4 + layer ( Figure 5 , G-I, and Supplemental Figure 3 , B-G). This lamina-termination pattern (I, II, and V) is consistent with previously reported patterns of RVM neuron projections (42) (43) (44) .
To obtain further evidence that dual GABAergic/enkephalinergic RVM neurons can provide inputs to sensory afferents in adult mice, we expressed channelrhodopsin (ChR2) (45) in these neurons by coinjecting Lenti-Penk1-Cre with AAV-EF1a-FLEX-ChR2-eYFP into the adult RVM ( Figure 5J ). As mentioned above, due to the high intracellular chloride concentrations in the sensory afferent, GABA causes PAD, which gives rise to dorsal root potentials (DRPs) (46, 47) . We therefore examined whether photoactivation of the ChR2 + RVM axons, which should result in the release of GABA, could produce DRP (see Methods). Indeed, photostimulation evoked DRPs with short latencies (average amplitude 59.6 ± 17.7 μV, average latency 12.5 ± 2.1 ms, recorded from a cervical dorsal root, n = 4) ( Figure 5, K-N) , suggesting that the labeled RVM-pre neurons provide functional presynaptic inputs to primary afferents.
Effects of silencing the GABAergic/enkephalinergic RVM-pre neurons in adult mice. It is known that nociceptive c-fibers project to lamina I and II, and nociceptive Aδ fibers project to lamina I, II, and V (1, 2). Thus, inputs from the dual GABAergic/enkephalinergic RVM-pre neurons (either through axo-axonic synapses or through extrasynaptic spillover) onto nociceptive afferents in these layers should exert presynaptic inhibition and, thus, antinociceptive functions. This would predict that silencing the RVM-pre neurons in adults should result in hypersensitivity to nociceptive stimuli. To test this hypothesis, we first expressed tetanus toxin light chain (TeLC) in RVM-pre neurons. Note that TeLC cleaves synaptobrevin (VAMP) proteins on synaptic vesicles (48, 49) . Thus, while it will prevent the release of GABA, it may not affect the release of the neuropeptide enkephalin from dense core vesicles, since most of these normally do not contain VAMP (50, 51) . Hence, this manipulation blocks GABA but not enkephalin transmission of these RVM-pre neurons.
We coinjected Lenti-Penk1-Cre and AAV-FLEX-TeLC-GFP into RVM regions of WT mice. As an independent alternative method, we also injected AAV-FLEX-TeLC-GFP into the RVM of Gad2-Cre knockin mice. Gad2-Cre is likely expressed by both descending RVM projection neurons and local inhibitory neurons in RVM (42, 52) , and thus, it is not an ideal tool. However, if many of the local GAD2 + neurons function to inhibit the descending GAD2 + RVM neurons, the net effect of silencing both populations will be the same as silencing only the descending neurons. On average, about 1,517 ± 207 or 1,606 ± 289 RVM neurons (n = 3 for Lenti-Penk1-Cre, n = 3 for Gad2-Cre) were infected for LentiPenk1-Cre and Gad2-Cre, respectively. WT mice and mice with coinjection of Lenti-Penk1-Cre and AAV-FLEX-GFP were used as controls. When we tested the behaviors at 2 weeks after viral injec- tion, there were no significant differences between TeLC-expressing and control groups, likely because AAV-mediated expression requires 3 or more weeks to reach sufficient levels (Supplemental Figure 4) . Starting 3 weeks and up to 6 weeks after viral injection, we performed thermal-and mechanical-sensitivity behavior tests (multiple trials per animal). In both hot plate and tail-flick tests, TeLC-mediated silencing of Penk1-Cre-or Gad2-Cre-expressing RVM inputs resulted in significant heat hypersensitivity compared with WT or control-injected mice (i.e., reduced latency of paw licking or tail flicking) ( Figure 6, A and B) . However, when we performed a von Frey test, the threshold of paw lifting was unchanged ( Figure 6C ). These results suggest that GABA derived from RVMpre inputs is critical for attenuating heat but not mechanical pain sensitivity (see more in Discussion).
To completely block the function of the GABAergic/ enkephalinergic RVM neurons, we performed cell-ablation experiments. Using the recently published Cre-dependent active caspase cell-ablation system (AAV5-FLEX-taCasp3-TEVp) (53), we coinjected Lenti-Penk1-Cre and AAV5-FLEX-taCasp3-TEVp into the RVM of WT mice. In situ hybridization using a Penk1 probe confirmed a substantial loss of PENK1 + neurons in RVM after caspase ablation (82.1% reduction, n = 3, compare Figure 6 , D and E). Behavior tests were performed 3 weeks after viral-mediated ablation. We found that ablating Penk1-Cre expressing RVM neurons resulted in both heat and mechanical hypersensitivity: i.e., reduced latency in hot plate and tail-flick responses, as well as reduced paw-withdrawal threshold in von Frey test (Figure 6 , A-C, last column). Taken together with the results of the tetanus toxin, 
Discussion
In this study, we used a monosynaptic rabies virus-based approach to trace inputs onto primary sensory neurons in neonatal mice. Results revealed intraganglion, intraspinal, and supraspinal (RVM) inputs that could modulate sensory transmission at periand extrasynaptic levels (see summary in Figure 7 ). We further examined the nature of RVM-descending innervation of primary afferents. We demonstrated that the majority of those RVMderived inputs are dual GABAergic/enkephalinergic. In adults, these RVM-pre neurons target spinal layers I, II, and V; their activities can elicit DRPs in primary afferents, and they exert important antinociception functions in acute behavioral tests.
Technical concerns: transneuronal versus trans-synaptic spreading of rabies virus from primary mouse sensory afferents. Previous tracing studies using rabies virus consistently demonstrated that peripheral uptake of rabies virus typically occurs at motor terminals and propagates retrogradely via exclusive trans-synaptic transfer into presynaptic neurons (23, 33, 55) . However, in animal species such as mice, which have a particular affinity for fixed rabies strains (due to their passage history), the virus can enter into peripheral terminals of sensory neurons and move in an anterograde manner (24) (25) (26) . The question is whether the spread of rabies to other neurons from infected primary sensory neurons happens primarily with presynaptic partners or nonselectively to any nearby neurons.
On the one hand, the drastic reduction of labeled neurons in the spinal cord when rabies virus was complemented in TRPV1 + neurons, as opposed to pan-sensory neuron complementation (in Avil-Cre mice), supports the view that rabies virus spreads primarily and most efficiently to presynaptic terminals located immediately adjacent to sensory afferents (i.e. into peri-afferent presynaptic terminals). As noted previously, TRPV1
+ peptidergic neurons rarely participate in synaptic glomeruli structures (5, 32) . They instead receive inputs through volume transmission or spillover. Accordingly, the limited number of spinal neurons labeled from TRPV1 + afferents can be explained by the low probability of rabies to spread into extrasynaptic inputs.
On the other hand, our finding of intraganglion spreading of rabies virus appears to contradict this view. Interestingly, we and others have previously shown that DRG neurons release glutamate it suggests that in the absence of RVM-derived GABA, enkephalin released from RVM-pre is sufficient to maintain the mechanical nociceptive sensitivity, but removing both RVM-derived GABA and encephalin resulted in hypersensitivity to both heat and mechanical stimuli (see more in Discussion).
Effects of activating the GABAergic/enkephalinergic RVM-pre neurons in adult mice. To determine the effect of increasing the activities of the RVM-pre neurons, we expressed the chemogenetic activator hM3Dq DREADD (designer receptor exclusively activated by designer drug) in these neurons by coinjecting LentiPenk1-Cre and AAV-hSyn-DIO-hM3D(Gq) into RVM in adult WT mice (after they were tested for baseline sensitivities to thermal and mechanical stimuli). The excitatory hM3Dq receptor is exclusively activated by the ligand CNO (54) . Four weeks after viral injection, we administered either saline or CNO (0.3 mg/kg) in the control and in experimental groups, and we performed behavioral tests (see Methods). Saline or CNO had no effects on behaviors in WT mice, and saline did not affect mice with hM3Dq expressed in RVM-pre neurons ( Figure 6, F-H) . By contrast, CNO-mediated activation of the RVM-pre neurons resulted in hyposensitivity (increased threshold for response) in hot plate, tail-flick, and Figure 7 . Schematic drawing of extra-and peri-synaptic inputs onto sensory neurons revealed by this study. (A) Intraganglion inputs to sensory neuron soma. Glutamate and possibly other transmitters released from the soma of sensory neurons can potentially modulate activities of neighboring sensory neurons in an extrasynaptic manner. (B) Intraspinal inputs onto sensory afferent terminals. Certain types of spinal GABAergic (some are also glycinergic) interneurons can form axo-axonic synapses with sensory afferents, and small numbers of glutamatergic interneurons have axons (or collaterals) that locate immediately adjacent to sensory afferent terminals. These spinal neurons regulate afferent transmission either through direct synaptic inputs or through spillover. (C) Supraspinal RVM-derived inputs onto sensory afferent terminals. RVM serotonergic and dual GABA/enkephalinergic neurons provide inputs primarily onto nociceptive sensory afferents. jci.org Volume 125
Trpv1-Cre and Avil-Cre mice examined), we never observed labeling of postsynaptic spinothalamic or spinoparabrachial projection neurons, whose axons cross the midline and enter the contralateral ventral funiculus. We never observed viral-labeled axon terminals in thalamus. Thus, at the most, only a small number of the labeled spinal neurons were postsynaptic targets of sensory afferents. Taken together, our results are consistent with the model that sensory afferents receive primarily GABAergic inputs (likely through axo-axonic synapses) and some extrasynaptic glutamatergic inputs from local interneurons in the spinal cord ( Figure 7B) . Some of the GABAergic interneurons coexpress glycine, but since DRG neurons do not express glycine receptor (64) , glycine released from these neurons is unlikely to modulate primary afferents. RVM-derived dual GABAergic/enkephalinergic inputs onto primary afferents have antinociceptive functions. Rabies labeling in RVM indicated this region as a major source of direct supra-spinal inputs to primary afferents. About 17% of labeled RVM-pre neurons were found to be 5-HT. RVM-derived 5-HT inputs are known to play an important facilitatory role in the development of pain hypersensitivity in chronic conditions (65) . Our tracing results suggest that some of the descending 5-HT terminals are positioned near the primary afferents and could therefore directly modulate sensory transmission ( Figure 7C ). In agreement with this, a recent elegant study demonstrated that 5-HT directly sensitize central nociceptive terminals (66) .
Interestingly, labeled RVM-pre neurons were predominantly (80%) GABAergic/glycinergic, and the majority of GABAergic RVM-pre neurons also expressed the proenkephalin gene Penk1 ( Figure 7C ). Enkephalins are endogenous opioid ligands. Almost 40 years ago, Duggan et al. had already showed that application of enkephalins reduced the response of spinal neurons to noxious heat stimuli (67) . Like GABA receptors, the MOR and δ-opioid receptor (DOR) for enkephalins are found both on primary sensory afferents and on many spinal neurons (68) (69) (70) (71) . Thus, RVM-derived GABA and enkephalins probably function at both presynaptic and postsynaptic sites. Here, using an optogenetic approach to selectively activate the RVM-pre axons in spinal cord, we found that photostimulation induced DRPs with short latency, indicating that the RVM-pre neurons indeed can provide presynaptic inputs for primary afferents.
We assessed the function of the GABAergic/enkephalinergic RVM-pre neurons first using TeLC-mediated inhibition of synaptic vesicle release from RVM-pre neurons. Results showed behavioral hypersensitivity to heat, while the mechanical sensitivity to von Frey fiber was unchanged. These findings suggest that GABA released from RVM-pre is required to suppress hypersensitivity to noxious heat under normal conditions. Previously, tonic supraspinal descending modulation of PAD had been shown for group Ia afferent (72) . Although there had not been such studies for cutaneous afferents, it is possible that GABA derived from RVM-pre neurons also tonically modulate cutaneous afferent transmission. What might explain the finding that, in the absence of RVMderived GABA, mechanical sensitivity is not affected? Basbaum, Scherrer, and their colleagues previously showed that DOR, which is the high-affinity receptor for enkephalin, is mainly expressed in nonpeptidergic and in myelinated sensory fibers, and DOR agonists reduce acute mechanical but not heat pain (73) . They further from their soma when activated, a process referred to as intraganglion neural transmission (56, 57) . Basbaum and colleagues have observed intraganglion transfer of WGA between DRG neurons (58) . Others observed intraganglion release of neuromodulators, such as CGRP and ATP (59) (60) (61) . The release of glutamate and other transmitters from DRG neuron somas exposes presynapticlike features on the soma that can be recognized by rabies virus (55) . The unusual efficient extrasynaptic intraganglion transfer of rabies virus may be the result of the densely packed cell bodies inside the ganglion, which greatly increases the chances of replicated virus to find an adjacent target ( Figure 7A ). Nevertheless, this result suggests that neighboring neurons in the ganglion are a source of inputs for sensory neurons. Such intraganglion inputs might be a major contributor to secondary allodynia, i.e., pain spreading to neighboring areas after injury and/or in chronic pain conditions. Finally, we noted that the viral-tracing experiments were performed in neonatal mice, and since the sensory circuits undergo maturation and changes from neonates to adults (62) , some of the findings might be developmental phenomena that do not persist in the adult.
Local GABAergic and glutamatergic inputs from spinal interneurons to primary sensory afferents. In the spinal cord, we found that rabies virus crossed from sensory afferent terminals into numerous interneurons located primarily in the ipsilateral dorsal horn, with a few scattered neurons in the contralateral dorsal horn and near the central canal. This result indicates that local neurons in the dorsal spinal cord are the dominant source of inputs to primary sensory afferents. The majority (80%) of viral-labeled neurons express markers for GAD1, GAD2, or GlyT2, consistent with previous EM studies, indicating that GABA is the main neurotransmitter at the axo-axonic synapses onto sensory afferents ( Figure  7B ). GABA induces PAD that suppresses action potentials arriving at the afferent terminals, resulting in presynaptic inhibition of sensory transmission (8) (9) (10) .
Somewhat unexpectedly, a minority (20%) of labeled spinal interneurons expressed vGlut2 + , indicating that they were glutamatergic. Since no previous studies reported glutamatergic axo-axonic synapses onto primary afferents, this result suggests 2 possibilities. First, these glutamatergic inputs are extrasynaptic, located in the vicinity of sensory afferents but not making direct synapses with sensory afferents. Notably, it was shown that glutamate, like GABA, also causes PAD and consequent presynaptic inhibition of sensory transmission (63) . The glutamate that mediates PAD was thought to be spillover from glutamatergic terminals located near the afferents. Thus, the rabies-labeled vGlut2 + spinal neurons in our study could represent such extrasynaptic glutamatergic inputs ( Figure 7B ). The second possibility is that some of the labeled neurons are postsynaptic to sensory afferents as a result of anterograde rabies spreading. This is similar to a previous report showing that rabies progressed from proprioceptive afferent neurons into postsynaptic motor neurons (25) . We cannot rule out such anterograde spreading of rabies virus. However, several lines of evidence are consistent with a low probability of rabies anterograde spreading from cutaneous sensory afferents to spinal neurons. For example, although rabies virus infected approximately 1,300 Trpv1-Cre-expressing nociceptive neurons, they only spread into very few spinal neurons. In all tracing experiments (n > 40 jci.org Volume 125 Number 10 October 2015
pellet was resuspended and used to infect the BHK-EnvA stable cell line (a gift from Edward Callaway, Salk Institute, La Jolla, California, USA). After a series of culture media collection, the virus-containing media were concentrated as above, resuspended in an appropriate volume, aliquoted, and stored at -80°C. The titer of EnvA-RV-GFP rabies viruses was estimated to be approximately 5 × 10 8 IFU/ml.
For Lenti-Penk1-Cre virus, a conserved 726-bp genomic sequence just upstream of the first exon of the Penk1 gene was cloned and used as a promoter to drive Cre expression. Lentiviruses were packaged and produced in HEK293T cells (catalog CRL-11286, ATCC). In brief, HEK293T cells were transiently transfected with a mixture of pLentiPenk1-Cre, delta 8.9, and VSVG using polyethyleneimine "MAX" (PEI MAX) (catalog 24765, Polysciences Inc.). Forty-eight hours after transfection, the cell-culture media was collected and centrifuged at 3,000 rpm for 15 minutes, and the supernatant was filtered with 0.45 μm filter unit (catalog SCHVU01RE, Millipore). The filtered virus-containing supernatant was loaded into the centrifuge tubes with 3 ml of 20% sucrose cushion at the bottom and spun at 25,000 rpm with Beckman SW-28 rotor for 2 hours at 4°C. The pellet was resuspended in an appropriate volume of PBS without calcium and magnesium (-Ca For producing AAV8-hSyn-FLEX-GFP and AAV8-hSyn-FLEXTeLC-2A-GFP, HEK293T cells were transiently transfected with pAAVhSyn-FLEX-GFP or pAAV-hSyn-FLEX-TeLC-P2A-GFP, AAV serotype plasmid AAV8, and pAd.DELTA F6 using PEI MAX (catalog 24765, Polysciences Inc.). Seventy-two hours after transfection, the cell-culture media was discarded and the cells were collected in PBS, frozen, thawed 3 times using a dry ice/ethanol bath, and centrifuged at 3,000 rpm for 30 minutes. The contaminating DNA in the supernatant was removed by adding Benzonase and was incubated at 37°C for 30 minutes. The viral crude solution was filtered through 0.45 μm filter (Millipore), and spun at 25,000 rpm for 90 minutes using a Beckman SW-28 rotor. The pellet was resuspended in 4 ml PBS and filtered through a 0.45-μm filter and a 0.22-μm filter sequentially. The viral crude solution was concentrated to 200-250 μl using the Amicon Ultra-4 filter unit (100 kDa), washed with 4 ml PBS once, and concentrated to an appropriate volume. The viral solution was further purified using a 0.22-μm Ultrafree-MC centrifugal filter unit (catalog UFC30GV0S, Millipore), and aliquots were stored at -80°C until use.
Viral labeling experiments. All P1 pups were anesthetized by isoflurane and hypothermia and injected with about 200 nl of ΔG-RV-GFP (~1 × 10 9 IFU/ml) in the plantar skin of the right forepaw. Brains and spinal cords were collected 7 days after injection at P8. For silencing RVM inputs, either 1 μl total of Lenti-Penk1-Cre/AAV-FLEX-TeLC-GFP (1:1 volume) or 1 μl total of Lenti-Penk1-Cre/AAV-FLEX-taCasp3-TEVp (1:1 volume) were coinjected into RVM region of about 6-to 8-week-old WT C57BL/6 mice (coordinates from Bregma as following: anterio-posterior axis, -5.5 mm; lateral, 0.0 mm; depths, -5.85 mm); coinjection of 1 μl Lenti-Penk1-Cre and AAV-FLEX-GFP (1:1 volume) into RVM regions were used as the control. Similarly, 500 nl AAV-hSyn-FLEX-TeLC-GFP alone was injected into RVM region of Gad2-Cre mice. For recording DRPs, 1 μl total of Lenti-Penk1-Cre/AAV-EF1a-FLEX-hChR2-eYFP (1:1 volume) were coinjected into RVM region of about 6-to 8-week-old WT C57BL/6 mice. For activating RVM inputs, 1 μl total of Lenti-Penk1-Cre/ AAV-hSyn-DIO-hM3D(Gq)-mCherry (1:1 volume) were coinjected into RVM region of about 6-to 8-week-old WT C57BL/6 mice.
showed that DOR presynaptically regulate mechanical inputs from sensory neurons to spinal cord (74) . Thus, it is conceivable that DORs expressed on mechanosensitive fibers mediate the pain-suppressive effects of enkephalins released from the RVMpre neurons, even when RVM release of GABA is blocked. When we eliminated RVM release of both GABA and enkephalin by ablating these neurons, mice behaviors showed hypersensitivity to both heat and von Frey mechanical stimulation. When we activated these RVM-pre neurons using a chemogenetic approach, both the heat and mechanical sensitivities are decreased (i.e., hyposensitive) in behavioral tests. Thus, the dual GABAergic-enkephalinergic RVM-pre neurons indeed function to suppress pain in adult mice. Previous studies showed that RVM contains 3 classes of neurons: ON-cells, OFF-cells, and NEUTRAL-cells, which are intermingled (18, 19, 75) . Since OFFcells have antinociceptive functions, some of the GABAergic/ enkephalinergic RVM-pre neurons might correspond to the canonical RVM OFF-cells. However, it was shown that RVM functions to facilitate pain in neonatal and young rats, and only switches to pain inhibition during peri-adolescence development; such switches depended on central opioid signaling (62) . Thus, in early development, one cannot simply divide RVM neurons into ON-or OFFcells, as all cells appear to be pronociception (62) . Future in vivo recording of optogenetically labeled RVM-pre neurons are needed to determine whether these neurons show OFF-responses in nociceptive behaviors in adult mice. Additionally, the RVM region was also found to regulate the autonomic system functions (76) , and such neurons may not belong to the ON-, OFF-, or NEUTRALcell categories. Regardless of whether or not the dual GABAergic/ enkephalinergic RVM-pre neurons are OFF-cells, we now have a molecular identification of and a molecular tool (Lenti-Penk1-Cre) to selectively study this specific class of antinociception RVM neurons. The new knowledge and the new tool pave the ways for future dissection of the circuits connected with these RVM-pre neurons and their roles under pathological pain conditions.
Methods
Mice. RΦGT, Avil-Cre RΦGT, Trpv1-Cre RΦGT, and Trpv1-Cre RΦGT RΦtomato mice were used in this study; all alleles are heterozygous. Avil-Cre (29, 30) , RΦGT (27, 28) , Trpv1-Cre (31), and ROSAΦtomato mice (77) have all been described previously. WT C57BL/6 mice were purchased from Charles River Laboratories. Gad2-Cre mice were obtained from the Jackson Laboratory (stock number 010802).
Viruses. ΔG-RV-GFP virus (~1 × 10 9 IFU/ml) was obtained from Salk Institute vector core. AAV5-EF1α-FLEX-taCasp3-TEVp virus was a gift from Nirao Shah, UCSF, San Francisco, California, USA. The construct pAAV-hSyn-FLEX-TeLC-P2A-GFP was a gift from Guoping Feng, MIT, Cambridge, Massachusetts, USA. AAV2-CAG-FLEX-GFP and AAVhSyn-DIO-hM3D(Gq)-mCherry were purchased from University of North Carolina at Chapel Hill vector core. AAV-EF1a-FLEX-hChR2-eYFP was purchased from the University of Pennsylvania vector core. EnvA-RV-GFP rabies viruses were produced and purified following the protocol from the Callaway Labs (78). First, SAD-ΔG-GFP rabies viruses (79) were expanded in B7GG cells (a gift from Edward Callaway, Salk Institute, La Jolla, California, USA), and subsequently, the virus containing culture supernatant was concentrated by centrifugation at 25,000 rpm with Beckman SW-28 rotor for 2 hours. The jci.org Volume 125 Number 10 October 2015
1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 20 mM glucose, 2 mM CaCl 2 , and 1.3 mM MgSO 4 ) at 2-5 ml min −1 at 23°C-25°C. The hemisected spinal cord was placed in the chamber; the ventral surface was secured with a harp with fine, loose, nylon fibers. Dorsal roots were placed into suction electrodes. Extracellular recordings were obtained from the dorsal roots in response to light activation of ChR2-expressing axons from RVM. Signals were amplified with Multiclamp 700B (filtered at 2 kHz), digitized with Digidata 1440A (5 kHz), and recorded using pClamp 10 software (Axon). Photostimulation was performed using a 473 nm LED (CoolLED, pE4000) controlled by pClamp 10 software (Axon). Light pulse width was 50 ms. All electrophysiology data were analyzed and filtered off-line using Neuromatic package (Think Random) in Igor Pro software (WaveMetrics). Off-line analysis was performed by averaging 3 traces. Light-evoked EPSP peak amplitude and latency were analyzed. The latency of the light-evoked DRPs was defined as the time from the onset of the stimulus to the first measurable deflection of the potential from the baseline.
Behavioral tests. Male mice about 6-8 weeks old were used for all viral injections and subsequent behavior tests. Thermal sensitivity was tested using a hot plate at 50°C and tail-flick test, expressed as paw-withdrawal latency and tail-flick latency. For testing mechanical sensitivity after viral injection into RVM regions, the plantar surface of the hindpaw was stimulated with a series of von Frey hairs (0.008-2 g, Stoelting), and the 50% paw-withdrawal threshold was determined using Dixon's up-down method. For DREADD experiments, CNO (Sigma-Aldrich) was administrated at 0.3 mg/kg by i.p. injection. Behavioral tests were conducted between 30 minutes to 2 hours following administration of either saline or CNO. All behaviors were performed with genotypes blind to the experimenter.
Statistics. All data were expressed as mean ± SEM. Behavioral data were analyzed using 2-tailed Student's t test between 2 groups (experimental or control), or in the case of multiple groups, one-way ANOVA followed by post-hoc Bonferroni test. The criterion for statistical significance was P < 0.05.
Study approval. All experimental protocols were approved by the Duke University Institutional Animal Care and Use Committee.
